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ADAPTIVE PROTECTION CIRCUIT FOR A
POWER AMPLIFIER

FIELD OF THE INVENTION

The preferred embodiment of the present invention relates
to a power amplifier (PA) module. The invention 1s applicable

to, but not limited to, an adaptive protection circuit for a
wireless communication unit’s radio frequency power ampli-
fier arranged to prevent high current effects due to a voltage
standing wave ratio (VSWR).

BACKGROUND OF THE INVENTION

In the field of radio frequency (RF) power amplifiers (PAs),
a PA 1s typically designed to be ‘matched’ into a 50 ohm load
impedance, to ensure efficient power transier from an RF
input signal to an amplified RF output signal. This enables a
low power RF iput signal to be amplified and a maximum
amount of the amplified signal forwarded on to, say, an
antenna switch and/or an antenna. In this manner, maximum
power transfer 1s achieved and minimal power 1s reflected
back into the PA output. The reflection back of power 1s
typically due to “load mismatch”, for example where the
antenna switch or antenna load does not exhibit a 50 Ohm
load. This can be due to the antenna being located near an
object that affects 1ts radiation properties, and correspond-
ingly 1ts impedance values.

It has been found that load mismatch problems occur, in
particular, under both high power conditions and when a high
battery voltage 1s applied to the power amplifier. In this
regard, 1t can be observed that the DC current increases more
than when operating under normal (50-Ohm load) conditions.
The increase of DC current, under load mismatch conditions,
1s highly undesirable (particularly 1n a hand-portable environ-
ment) as 1t causes increased power consumption and may
over-load the power amplifier transistor device thereby result-
ing in damage to, or failure of, the device.

Known mechanisms do not solve the atorementioned prob-
lems. For example, voltage limiters do not protect the PA
from mismatch conditions that lead to high current. Further-
more, existing current limiters do not protect efficiently the
PA from battery voltage variations under mismatch. Known
solutions use circuitry external to the power amplifier module
to realize the function, when the PA 1s located on Gallium
Arsenide (GaAs). Undesirably, this results 1in extra inputs/
outputs (I/0) leads on the PA die. Alternatively, 1f a mono-
lithically integrated circuit (IC) 1s used, for example where
the PA 1s manufactured on Silicon Germanium (S1Ge),
approximately 20% of additional die size 1s required.

To accommodate mismatch problems, protection circuits
are often used. A standard current limiter protection circuit is
illustrated 1n FIG. 1. In FIG. 1, the radio frequency input
signal (RF, ) 105 1s input to a base port of power transistor
110. The power transistor 110 1s supplied from a battery
voltage 115 via an RF choke inductor 120 to provide a RF
amplified output voltage 125.

The emitter port of the RF power transistor 110 includes a
sensing resistor 130 to ground. The emitter port of the RF
power transistor 110 1s also operably coupled to a protection
circuit 140. The protection circuit 140 comprises a multiplier
circuit 145, recerving the detected voltage developed across
the sensing resistor 130 and a comparator circuit 150, com-
paring the output from the multiplier circuit 1435 with a ref-
erence voltage 1355, which sets the chosen limiting current.
The comparator circuit 150 output 1s input to a transistor
(Q1), which effectively 1s switching the bias circuit 135 to

10

15

20

25

30

35

40

45

50

55

60

65

2

‘oround’ when the voltage coming from the multiplier 145 1s
greater than the reference voltage 155, thereby reducing the
bias current of the power transistor 110.

Thus, as shown, the use of a protection circuit adds signifi-
cantly to the size and complexity of power amplifier circuits,
with regard to the extra circuitry/components (typically two
operational amplifiers) that are required to generate/compare
the detected voltage to the reference voltage 155, which 1s set
by additional external circuitry.

However, the eflectiveness of the protection circuit 1s com-
promised due to the operational amplifier offset voltage €1
(comparable to the detected voltage V ) and to the variation
of V. with regard to sensing resistor 130 dispersion. It 1s
noteworthy that a low value resistor 1s more sensitive to
process variation than a high value resistor. In addition, the
collector efficiency of the power transistor 110 1s degraded by
the sensing resistor 130. Furthermore, the complexity of the
protection circuit may typically lead to undesirable loop sta-
bility 1ssues, due to high loop gain.

Thus, a need exists for an improved RF device, such as a
wireless communication unit, RF PA module and method of
operation therefor, which prevents high current under
extreme VSWR conditions, wherein the aftorementioned
problems with prior art arrangements are substantially alle-
viated.

STATEMENT OF INVENTION

In accordance with aspects of the present invention, there 1s
provided a radio frequency device, a PA module and method
of operation that prevents high current under VSWR and high
battery voltage, as defined 1n the appended Claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1llustrates a known current limiter implementation
using a standard protection circuit design.

Exemplary embodiments of the present invention will now
be described, by way of example only, with reference to the
accompanying drawings, 1n which:

FIG. 2 illustrates a wireless commumnication unit adapted in
accordance with the preferred embodiment of the present
imnvention;

FIG. 3 1llustrates a current limiter implementation of a
protection circuit, adapted in accordance with the preferred
embodiment of the present invention;

FIG. 4 illustrates a graphical comparison of a PA perfor-
mance with and without the protection circuit according to
the preferred embodiment of the present invention;

FIG. 5 illustrates graphically a collector current versus
phase at a voltage standing wave ratio (VSWR)=10:1, 1llus-
trating the advantages provided by the preferred embodiment
of the present invention; and

FIG. 6 1llustrates a flowchart of the current limiting process
applied by the protection circuit to a RF PA 1n accordance
with the preferred embodiment of the present invention.

DESCRIPTION OF PREFERRED
EMBODIMENTS

The preferred embodiment of the present invention will be
described with respect to an implementation of a radio fre-
quency (RF) power amplifier (PA) module 1n a wireless com-
munication unit, such as a mobile phone. However, it will be
appreciated by a skilled artisan that the inventive concept
herein described may be embodied in any type of RF ampli-
fier unit. In summary, the mventive concept of the present
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invention proposes a monolithically integrated PA module
having a cost and size eificient current limiter, notably
indexed to battery voltage, for improving a Power Amplifier’s
(PA) ruggedness, for example, under extreme VSWR condi-
tions over battery voltage range.

In a mobile context, in the known prior art, the current
threshold or current limit 1s fixed, as a reference voltage 1s
used for the battery. However, the battery voltage varies.
Thus, and as addressed by the inventive concept hereinafter
described, it 1s important to have a current threshold or current
limit that varies as the battery voltage drops. In the present
specification, this relationship 1s termed ‘indexing’, for
example the current threshold varies with regard to battery
voltage.

Referring now to FIG. 2, a block diagram of a wireless
communication unit 200, capable of supporting the imnventive
concept of the preferred embodiment of the present invention,
1s 1llustrated. For the sake of clarity, the wireless communi-
cation unit 200 1s shown as divided into two distinct por-
tions—a recerver chain 210 (which will be described briefly
for completeness) and a transmit chain 220.

The wireless communication unit 200 contains an antenna
preferably coupled to an antenna switch 204 that provides
signal control of radio frequency (RF) signals in the wireless
communication unit 200, as well as 1solation, between the
receiver chain 210 and transmit chain 220. Clearly, the
antenna switch 204 could be replaced with a duplex filter, for
frequency duplex communication units, as known to those
skilled 1n the art.

For completeness, the recerver chain 210 of the wireless
communication unit 200 will be briefly described. The
receiver chain 210 includes a recerver front-end circuit 206
(effectively providing reception, filtering and intermediate or
base-band frequency conversion). The recetver front-end cir-
cuit 206 1s sernially coupled to a signal processing function
(generally realised by at least one digital signal processor
(DSP)) 208. A controller 214 1s operably coupled to the
front-end circuit 206 so that the receiver 1s able to calculate
receive bit-error-rate (BER) or frame-error-rate (FER) or
similar link-quality measurement data from recovered infor-
mation via a recerved signal strength imndication (RSSI) 212
function. The RSSI 212 function 1s operably coupled to the
receiver front-end circuit 206. The memory device 216 pret-
erably stores a wide array of data, such as decoding/encoding
tfunctions and the like, as well as amplitude and phase settings
to ensure a linear and stable output. A timer 218 1s operably
coupled to the controller 214 to control the timing of opera-
tions, namely the transmission or reception of time-depen-
dent signals.

As regards the transmit chain 220, this essentially includes
a signal processor 228, operably coupled to a modulation and
up-converter circuit 222 and power amplifier module 224,
The processor 228 and modulation and up-converter circuit
222 are operationally responsive to the controller 214. The
power amplifier module 224 1s operably coupled to a protec-
tion circuit 226, adapted 1n accordance with the preferred
embodiment of the present invention.

The power amplifier module and protection circuit,
adapted 1n accordance with the preferred embodiment of the
present mvention, 1s further illustrated in FIG. 3. Referring
now to FIG. 3, a radio frequency input signal (RF, ) 303 1s
input to a base port of power amplifier transistor 224. The
power amplifier transistor 224 1s supplied by a battery voltage
315 via a RF choke inductor 320 to provide a RF amplified
output voltage 325. Notably, the emitter port of the RF power
transistor 224 1s grounded.
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In particular, the output 325 of the RF power transistor 224
1s operably coupled to a protection circuit 345. The protection
circuit 226 1s integrated onto the PA die and comprises a first
transistor 355, whose collector port 1s operably coupled to the
output 325 and whose base port 350 1s operably coupled to the
base port of the RF power transistor 224. The emitter port of
the first transistor 355 of the protection circuit 226 1s operably
coupled to a parallel resistor 365-capacitor 370 (R-C) circuit
coupled to ground and a base port of a second transistor 360.
The collector 380 of the second transistor 360 1s coupled to
the bias circuit 335, which 1s operably coupled to the base port
of the RF power transistor 224.

Under extreme VSWR conditions, and high battery volt-
age, the collector current of the power transistor 224 increases
more than would be expected under a 50-ohm load. The
current flowing through the elementary transistor 355
increases proportionally to the current 1n the power transistor
224. The detected voltage developed across the sensing resis-
tor 365 also increases with the above-mentioned current. The
function of the parallel capacitor 370 1s arranged to low pass
filter the detected voltage V .. Then, this detected DC voltage
1s 1nput to the base of the second elementary transistor 360.
When the detected DC voltage V ,_, exceeds the turn-on volt-
ageV, _ of the second elementary transistor 360, it switches
the bias circuit 335 to ground, hence reducing the bias current
of the power transistor 224.

In the most common case of a multi-stage power amplifier,
when the battery voltage increases, the RF input signal RF,,
305 on the base of the power transistor 224 (as well as on the
base of the first elementary transistor 355) increases leading
to a higher current tlowing through the sensing resistor 365.
This consequently leads to a higher detected voltage V .. The
turn-on voltage of the second elementary transistor 360 1s
then reached for a lower collector current 1n the first elemen-
tary transistor 355, and therefore for a lower collector current
in the power transistor 224.

In this manner, the inventive concept proposes a monolithi-
cally integrated current limiter protection circuit 226, which
1s indexed to the battery voltage 315, for improving the PA’s
ruggedness. The power amplifier DC current, dependent upon
the battery voltage 315, 1s thus sensed, transformed 1nto volt-
age V ,__across a high value sensing resistor 365 and com-
pared to a threshold voltage value (set by the turn-on voltage
of the secondary transistor 360). In this manner, the threshold
voltage value 1s compared to the detected voltage coupled to
the sensed power amplifier DC current. When the detected
voltage exceeds this threshold value, the DC current 1s pre-
vented from increasing to an undesirable level by de-biasing
the power amplifier.

Thus, the sensed current 1s indexed to battery voltage 315
for the protection circuit 226. Furthermore, and preferably,
the protection circuit 226 uses the same type of device as the
RF transistor 224 to be protected. Advantageously, this makes
it very easy to itegrate into a monolithic IC, thereby remov-
ing extra input/output pins between dies.

Moreover, the protection circuit 226 advantageously com-
prises a low component count, thereby facilitating a reduced
s1ze for the protected PA system.

On one hand, the improved protection circuit 226 does not
degrade the RF PA performance on a 50-Ohm load, as 1llus-
trated 1n FIG. 4. Under such conditions, the protection circuit
226 1s ‘OFF’ and 1ts current consumption 1s negligible when
compared to the power amplifier 224 collector current. On the
other hand, the low current in the first elementary transistor
355 allows use of a high value resistor 365, which 1s advan-
tageously less sensitive to process variation.
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Elementary transistor (incorporates sensing resistor) 1s a
small version of the power transistor.

This solves the prior art problem of a high current flowing
through the power amplifier 110 1n FIG. 1, where only a low
value sensing resistor 130 can be used 1n order to minimize
PA performance degradation.

Referring now to FIG. 4, a graphical comparison 400 of a
PA performance with and without the improved protection
circuit 226 1s 1llustrated. As shown, for the same mput RF
power level (RF, ) 410, the same gain 405, 420 and same RF
power output level 415, 425 can be achieved by the RF power
amplifier transistor 224 employing the inventive concept
hereinbefore described as well as an RF power amplifier
transistor 224 that 1s not configured to employ the mventive
concept.

Referring now to FIG. 5, a collector current 505 versus
phase 510 at a voltage standing wave ratio (VSWR) 0110:1 1s
illustrated graphically 500. The graph 500 highlights the cur-
rent limiting associated with employing the preferred
embodiment of the present invention. The graph 500 1llus-
trates a collector current 515 having a peak collector current
of approximately 3.5 A at a phase of 120 degrees when the
circuit 1s not configured with the aforementioned improved
protection circuit 226.

When employing the improved protection circuit 226 of
the inventive concept hereinbefore described, the collector
current of the power transistor 226 does not exceed 2.5 A.
This limit 1s selected by setting the appropriate value of
sensing resistor 363.

Referring now to FIG. 6, a flowchart 600 1llustrates an
overview of the current limiting protection process according
to the preferred embodiment of the present invention. The RF
inputpower 1s applied to the RF PA and as the RF PA 1s turned
on 1n step 603, the DC current drawn by the RF PA 1s sensed
in step 610. The sensed DC current 1s transiformed into a
sensed DC voltage and then compared with a threshold value
by the protection circuit in step 615. Thus, the threshold
voltage value 1s compared to the detected voltage coupled to
the sensed power amplifier DC current. If the sensed DC
voltage does not exceed the threshold value 1n step 620,
limitation on the collector current does not occur.

However, 11 the sensed DC voltage exceeds the threshold
value, 1n step 620, the protection circuit limits the current
being drawn by the RF PA by de-biasing the PA, as shown 1n
step 625. The sensing process then continues in step 610, to
determine whether further current limiting needs to be per-
formed by further de-biasing of the PA.

A skalled artisan will appreciate that in other applications,
alternative functions/circuits/devices and/or other techniques
may be used. Although the preferred embodiment of the
present invention has been described with respect to a mobile
communication application addressing high current effects
due to VSWR eflects, it 1s envisaged that the mventive con-
cept 1s equally applicable to any application that detects out-
put power and uses the sensed current information for any
other purpose, such as linearisation techniques. Furthermore,
it 1s envisaged that other R-C topographies may be used, that
Incorporate a sensing resistor.

It 1s within the contemplation of the present invention that
the inventive concept can be applied to any product that uses
RF power amplifiers, regardless of the frequency or associ-
ated technology of the product. It 1s also envisaged that the
inventive concept 1s equally applicable to use with any RF
power transistor, irrespective of the technology, such as bipo-
lar transistors or heterojunction bipolar transistors (HBT's).

It will be understood that the improved RF device, for
example a wireless communication umt such as a mobile
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phone, a RF PA module and method of operation therefore,
which prevents high current being drawn by the RF PA under
extreme VSWR conditions, as described above, aims to pro-
vide at least one or more of the following advantages:

(1) There 1s no need to detect the VSWR effects on the RF
power amplifier transistor.

(11) The mventive concept combines detection of both cur-
rent and supply voltage increase. Since mainly high
collector current leads to power transistor permanent
failure, the inventive concept limits the collector current
and therefore maintains this current into non destructive
operating values

(111) The mventive concept provides a direct feedback on
the final RF power amplifier stage itselt, via the DC bias
circuit.

(1v) The inventive concept s very easy to implement, in that
the improved protection circuit has a low component
count. For example, the improved protection circuit
requires only two transistors and does not require use of
any operational amplifier. This facilitates a smaller die
S1Z€.

(v) The mventive concept 1s supply (battery) voltage
dependent.

(v1) The mnventive concept provides low sensitivity to pro-
cess variations, due to the use of a high value resistor 1n
the protection circuit.

(vi1) The mventive concept can be tuned for any collector
current limit value.

(vinn) The inventive concept can be integrated on GaAs with
no additional I/O pins required.

In particular, 1t 1s envisaged that the aforementioned inven-
tive concept can be applied by a semiconductor manufacturer
to any power amplifier module having a protection circuit. It
1s further envisaged that, for example, a semiconductor manu-
facturer may employ the mventive concept in a design of a
stand-alone device, such as a RF power amplifier module, or
application-specific integrated circuit (ASIC) and/or any
other sub-system element.

Whilst the specific and preferred implementations of the
embodiments of the present invention are described above, 1t
1s clear that one skilled in the art could readily apply varia-
tions and modifications of such inventive concepts.

Thus, an improved RF device such as a wireless commu-
nication unit, RF PA module and method of operation therefor
have been described, particularly to prevent a high current
being drawn by the RF PA under extreme VSWR conditions,
wherein the aforementioned disadvantages with prior art
arrangements have been substantially alleviated.

The invention claimed 1s:

1. A radio frequency device comprises:

a radio frequency (RF) power amplifier (PA) operably
coupled to a protection circuit for minimising voltage
standing wave ratio effects, wherein the protection cir-
cuit 1s operably coupled between an input port and a
collector port of the RF PA and comprises a current
sense function for sensing a power amplifier DC current
and a current limiter indexed to a power supplied to the
RF PA for limiting the power amplifier DC current 1n
response to the sensed current.

2. A radio frequency device according to claim 1, wherein
the current limiter 1s a monolithically integrated current lim-
iter.

3. A radio frequency device according to claim 1, wherein
the radio frequency device 1s a wireless communication unit
and power supplied to the RF PA is from a battery.

4. A radio frequency device according to claim 1, further
comprising a comparator function operably coupled to the
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current sense function and arranged to compare a threshold
voltage value to a detected voltage associated with the sensed
power amplifier DC current.

5. A radio frequency device according to claim 4 further
comprising a power amplifier bias circuit operably coupled to
the protection circuit such that when the detected voltage
exceeds the threshold voltage value, the protection circuit
prevents the power amplifier DC current from 1ncreasing by
de-biasing power supplied to the RF power amplifier via the
bias circuit.

6. A radio frequency device according to claim 1, wherein
the protection circuitry and the RF PA use substantially a
similar type of active device.

7. A radio frequency device according to claim 5, wherein
the sensed power amplifier DC current relates to a voltage
supplied to the RF PA such that the protection circuit senses
both a current and a supply voltage increase and 1n response
to the sensing controls a bias level applied to the RF PA.

8. A radio frequency device according to claim 7, wherein
the radio frequency device 1s a radio frequency (RF) power
amplifier (PA) module.

9. A radio frequency device according to claim 1, wherein
the current sense function comprises a first transistor having,
a collector port operably coupled to receive the RF power
amplifier DC current and a base port operably coupled to a
base port of the RF PA.

10. A radio frequency device according to claim 9, wherein
the current sense function further comprises a sensing resistor
operably coupled to an emitter port of the first transistor to
sense the RF power amplifier DC current.
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11. A radio frequency device according to claim 10,
wherein the current sense function further comprises a
capacitor arranged 1n parallel to the sensing resistor.

12. A radio frequency device according to claim 9, wherein
the current sense function further comprises a second transis-
tor operably coupled to an emitter port of the first transistor
and arranged to limit RF power amplifier DC current 1n
response to the sensed current.

13. A method of limiting current supplied to a radio fre-
quency (RF) power amplifier (PA) module operably coupled
to a protection circuit, the method comprising:

sensing a power amplifier direct current (DC) applied to the

RF PA 1n a protection circuit coupled between an input
port and a collector port of the RF PA;

comparing, by the protection circuit, a threshold voltage

value to a detected voltage associated with the sensed
power amplifier DC current; and

limiting, by the protection circuit, direct current applied to

the RF PA 1f the detected voltage exceeds the threshold
voltage value.

14. A method of limiting current supplied to a RF PA
module according to claim 13, wherein the step of limiting
comprises de-biasing current supplied to a base port ofthe RF
power amplifier.

15. A method of limiting current supplied to a RF PA
module according to claim 13, wherein the step of sensing a
direct current comprises sensing voltage supplied to the RF
PA as a consequence of the protection circuit topography.
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